Background-Atherosclerotic lesions are predominantly observed in curved arteries and near side branches, where low or oscillatory shear stress patterns occur, suggesting a causal connection. However, the effect of shear stress on plaque vulnerability is unknown because the lack of an appropriate in vivo model precludes cause-effect studies. Methods and Results-We developed a perivascular shear stress modifier that induces regions of lowered, increased, and lowered/oscillatory (ie, with vortices) shear stresses in mouse carotid arteries and studied plaque formation and composition. Atherosclerotic lesions developed invariably in the regions with lowered shear stress or vortices, whereas the regions of increased shear stress were protected. 
T he occurrence of atherosclerosis is closely linked to local hemodynamic factors. Shear stress, the drag force acting on the endothelium as a result of blood flow, is thought to play a critical role in the development of endothelial dysfunction and atherosclerosis. This concept is based on the observation that atherosclerotic plaque formation occurs preferentially in areas such as the inner curvatures of coronary arteries, where shear stress is low (Ͻ1.5 N/m 2 in humans), or near bifurcations, where shear stress is oscillatory (ie, displaying directional change and boundary layer separation). [1] [2] [3] Conversely, straight arterial segments with laminar flow in humans have shear stress levels of Ϸ1.5 N/m 2 and appear to be protected from atherosclerosis. The relation between shear stress and atherosclerosis is based almost exclusively on observational studies in humans and large animals. 1, 4, 5 In addition, there is a large body of evidence on the response of cultured endothelial cells to variations in shear stress (reviewed in Shyy and Chien 6 ).
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Although this previous work provides insight into the relationship between shear stress and plaque development, direct proof that deviations in shear stress induce atherosclerosis is lacking. To provide such evidence, an appropriate in vivo model that can generate complex shear stress fields is required. Furthermore, it is unclear whether low shear stress and vortices with oscillatory shear stress have different atherogenic properties. Therefore, investigators in our laboratory have recently developed a perivascular shear stress modifier (referred to as a cast) that can induce changes in shear stress patterns in vivo in a straight vessel and in a defined manner. Placement of the cast creates lowered shear stress upstream from the cast, increased shear stress in the cast, and oscillatory (ie, bidirectional, with vortices) shear stress downstream from the cast (Figure 1 ). 7 In the present study, we used this model to assess the effect of in vivo alterations of shear stress on the development of atherosclerosis in apolipoprotein E-deficient (apoEϪ/Ϫ) mice. Our findings reveal that atherosclerotic lesions develop under conditions of both lowered shear stress and vortices with oscillatory shear stress within 6 weeks of cast placement, whereas no lesions develop in the increased shear stress region. In addition, we analyzed the composition of these lesions. We demonstrate that lowered shear stress induces the development of extensive lesions with a vulnerable plaque phenotype, whereas vortices with oscillatory shear stress induce the growth of stable lesions. Using angiotensin II administration, we show that intraplaque hemorrhages occur exclusively in the atherosclerotic lesions of lowered shear stress regions.
Methods
An expanded Methods section is available in the online-only Data Supplement.
Animals
All experiments were performed in compliance with institutional (Erasmus MC, Rotterdam, The Netherlands) and national guidelines.
In Vivo Alteration of Shear Stress
To induce standardized changes in shear stress, we used a shear stress modifier (referred to as a cast) that is identical to the device we described previously (Figure 1 ; see also the online-only Data Supplement). 8 The cast imposes a fixed geometry on the vessel wall and thereby causes a gradual stenosis, resulting in increased shear stress in the vessel segment inside the cast, a decrease in blood flow and consequently a lowered shear stress region upstream from the cast, and a vortex downstream from the cast (oscillatory blood flow). The upstream reduction in blood flow is caused by a device-induced, flow-limiting stenosis of Ϸ70%. The downstream vortex is generated by a boundary separation immediately downstream from the cast, which is induced by a combination of velocity acceleration at the beginning of the cast, inertia of the blood, and the angle of the streamline at the end of the cast. Control casts consisted of a similar cylinder made of the same material with a continuous, nonconstrictive diameter. The shear stress values have been derived from measurements of vessel diameter and the velocity of blood flow (Doppler measurements). 8 The authors had full access to the data and take full responsibility for its integrity. All authors have read and agree to the manuscript as written.
Results

Lowered Shear Stress and Oscillatory Shear Stress Both Induce Atherosclerotic Plaque Formation, Whereas Increased Shear Stress Protects Against Atherosclerosis
First, the actual shear stress levels were calculated in both undisturbed and cast-instrumented carotid arteries in mice ( Figure 1 ). These appeared to be much higher than the shear stress values commonly reported in humans. However, the cast induced variations in shear stress as expected: a 30% decrease in shear stress upstream from the cast (lowered shear stress), increased shear stress inside the cast, and vortices with oscillatory shear stress downstream from the cast. To study the effect of the 3 different shear stress fields on lesion formation, apoEϪ/Ϫ mice were fed an atherogenic diet, instrumented with the cast, and humanely killed at different times (6, 9, and 12 weeks). Whole-mount lipid staining of aortic arches and carotid arteries showed that atherosclerotic lesions had already developed at the earliest time (Figure 2A ) in the inner curve of the aortic arch and at the beginning of the side branches. These are natural sites of shear stressrelated plaque initiation, 9 as we confirmed in mice without casts ( Figure IA in the online-only Data Supplement). In addition, lipid deposits had started to develop in the lowered shear stress and the vortices/oscillatory shear stress regions in the carotid artery instrumented with the cast at 6 weeks. These were found along the length of the carotid artery, where shear stress is relatively low ( Figure  IB in the online-only Data Supplement). By 9 and 12 weeks, the lesion areas had grown markedly larger in the lowered shear stress regions ( Figure 2B and 2C ). In the vortices/oscillatory shear stress regions, a gradual increase in lesion area was also evident (Figure 2A through 2C ), but these were considerably smaller than the lesions in the lowered shear stress regions. No atherosclerotic lesions 
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were present in the increased shear stress region at the earliest time, and moderately sized lesions developed only in 2 of 7 mice (29%) at 9 weeks and in 3 of 6 mice (50%) at 12 weeks after cast implantation, whereas all animals developed lesions under lowered and oscillatory shear stress from week 6 onward. At the latest times, atherosclerotic lesions extended into the most upstream part of the vessel segment within the cast. Controls included the contralateral, nontreated carotid arteries, sham-operated animals ( Figure 2D ), and animals treated with a nonconstrictive cast ( Figure 2E Figure 3A contains photomicrographs displaying carotid artery morphology after 9 weeks of cast placement in the lowered, increased, and vortices/oscillatory shear stress regions, as well as in the contralateral carotid artery (undisturbed shear stress). In the increased shear stress region, the appearance of the vessel is very similar to that of the undisturbed, control region. In contrast, in the lowered and oscillatory shear regions, atherosclerotic lesion formation is obvious. However, the lesions have a strikingly different morphology. Platelet-endothelial cell adhesion molecule-1 staining revealed an intact endothelium in all regions studied at all times (shown for the 9-week point in Figure 3B ).
Lowered Shear Stress Is Associated With More Extensive Lesions Than Oscillatory Shear Stress
Measurements of intima-media ratio showed that the atherosclerotic lesion areas in the lowered shear stress regions were much more extensive than those in the regions with vortices and oscillatory shear stress (1.38Ϯ0.68 versus 0.22Ϯ0.04, respectively; Figure 3C ). In both regions, plaque size was significantly larger than in the undisturbed region. In contrast, no significant difference in intima-media ratio was observed between the increased shear stress region and the undisturbed region ( Figure 3C ).
Vascular remodeling was evaluated by comparing the cross-sectional area of the vessel wall obtained from the lowered and the oscillatory shear stress regions of the instrumented carotid artery and the untreated contralateral carotid artery (control region). Remodeling was observed in the lowered shear stress region, where the relative cross-sectional vessel area was Ϸ2-fold higher compared with the control region, whereas there was no significant change in the region with vortices and oscillatory shear stress ( Figure 3D ). At 6 and 12 weeks, similar differences in intima-media ratios and in vascular remodeling between the different shear stress regions were found (data not shown). 
Lowered Shear Stress Induces Lesions With a Vulnerable Plaque Phenotype, Whereas Vortices With Oscillatory Shear Stress Induce Development of Stable Lesions
To examine the effect of lowered shear stress and vortices with oscillatory shear stress on plaque composition, we performed (immuno)histochemical analyses 9 weeks after cast placement. Because no lesions developed in control vessels, the percentage of plaque components in the intimal area of these vessels could not be analyzed and are therefore excluded. Macrophages and lipids were abundantly present in lesions of both lowered and oscillatory shear stress regions ( Figure 4A ). Quantification of macrophage-positive areas showed no relative difference between lesions in the lowered shear stress and oscillatory shear stress regions ( Figure 4B ). The lipid content, however, was significantly higher in the lesions located in the lowered shear stress regions than in those in the oscillatory shear stress regions (15.8Ϯ0.9% versus 10.2Ϯ0.5%, respectively; Figure 4B ). Further analysis of lesion components revealed that lowered shear stress lesions contained only thin layers of smooth muscle cells and collagen in the cap of the lesion, whereas in the oscillatory shear stress lesion, smooth muscle cells and collagen-positive areas were more uniformly distributed in the intima ( Figure  4A ). This pattern was also observed at the other times studied (data not shown). The lowered shear stress lesions contained fewer vascular smooth muscle cells (1.9Ϯ1.6% versus 26.3Ϯ9.7%) and less collagen (15.3Ϯ1.0% versus 22.2Ϯ1.0%) than the oscillatory shear stress lesions at week 9 ( Figure 4B ). To assess the observed reduction in collagen, matrix metalloproteinase (MMP) activity was measured by DQ gelatinase assay ( Figure 4A ). An increase of approximately one third in MMP activity was found in the lowered shear stress region compared with the oscillatory shear stress region ( Figure 4B ).
Expression of Proatherogenic Inflammatory Mediators Is More Prominent in the Lowered Shear Stress Region
Gene expression analysis revealed increased expression of proinflammatory mediators in the lowered shear stress region compared with that in the region with vortices and oscillatory shear stress ( Figure 5 ). Expression of vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion molecule-1, involved in the adhesive interactions between endothelial cells and leukocytes, was upregulated by 3-fold in the lowered shear stress region compared with controls, whereas only VCAM-1 was 50% upregulated in the oscillatory shear stress region. Expression of C-reactive protein was increased by 3-fold in the lowered shear stress region and by 2-fold in the oscillatory shear stress region compared with controls. Expression levels of proatherogenic vascular endothelial growth factor were increased by 5-fold in the lowered shear stress lesions exclusively. Finally, expression of the proinflammatory cytokine interleukin 6 (IL-6) was increased by 14-fold in the lowered shear stress and by 2-fold in the oscillatory shear stress region compared with controls.
Intraplaque Hemorrhages Are Exclusively Observed in Lesions of the Lowered Shear Stress Region
To obtain further evidence of plaque instability in the lowered shear stress region, a larger group of mice was Histological analyses were performed by quantification of the intima-media ratio (C) and of the relative cross-sectional area of the vessel wall (D), which was obtained by measuring the area confined by the external elastic lamina of the instrumented carotid artery and expressed as a percentage of the cross-sectional area of the contralateral, nontreated carotid artery. *PϽ0.05 vs lowered shear stress. †PϽ0.05 vs vortices/oscillatory shear stress. studied after 9 weeks of cast placement. Intraplaque hemorrhages, an established sign of plaque vulnerability, was observed in 4 of 14 animals (28%). Traces of blood plasma and (partly degraded) erythrocytes were found in the basal region of the plaque close to the internal elastic lamina or in the necrotic core, whereas plaque integrity was preserved (Table and Figure 6A and 6B). Intraplaque hemorrhages were never observed in lesions of the regions with vortices and oscillatory shear stress. We tested whether an increase in blood pressure would produce an even more pronounced vulnerable plaque phenotype. 10, 11 To this end, angiotensin II was chronically administered to the mice via osmotic minipumps (400 ng · kg Ϫ1 · min Ϫ1 ) during the last 2 weeks of a 9-week period of cast placement. The efficacy of the treatment was validated by an increase in mean blood pressure (from 95Ϯ3 to 127Ϯ3 mm Hg; PϽ0.001). More extensive intraplaque hemorrhages were observed in atherosclerotic lesions in the lowered shear stress region at an increased frequency (6 of 8 animals [75%] compared with the control group; Table and Figure 6C , 6E, and 6F). Angiotensin II stimulation did not induce intraplaque hemorrhages in the lesions initiated by vortices with oscillatory shear stress ( Figure 6D ). Deposition of iron, the product of degraded hemoglobin and suggestive of intramural thrombus, was detected by the Prussian blue reaction ( Figure 6F ). In several cases, atherosclerotic lesions became detached from the vascular wall, causing a false lumen ( Figure 6G and 6H). Plaque rupture or erosion was not detected, even after angiotensin II stimulation.
Discussion
In this study, we provide evidence that variations in shear stress patterns profoundly affect the initiation of atherosclerosis and induce the development of atherosclerotic plaques with a vulnerable phenotype. We conclude that both lowered shear stress and vortices with oscillatory shear stress are highly proatherogenic because (1) well-developed lesions were present from the earliest time point (week 6) in all of the cast-treated animals under both hemodynamic conditions; (2) lesions were absent in the straight segments of the contralateral, nontreated carotid arteries; and (3) the area of increased shear stress in the carotid arteries treated with the cast was protected from atherosclerotic lesion formation. In addition, lowered shear stress is a key factor in induction of plaques with a vulnerable phenotype.
It should be noted that lowered shear stress means relatively low, compared with the average shear stress in a straight vessel segment, like the nontreated, contralateral carotid artery. The reason that shear stress is lowered in the vessel upstream from the cast is that the flow rate is decreased as a result of the stenosis induced by the cast. The actual shear stress in the lowered shear stress area is in fact high when compared with absolute shear stress values in humans. The fact that the absolute level of average shear stress is much higher in mice than in humans does not necessarily mean that shear stress cannot be studied in mice. For instance, the same is true for heart rate, as cardiac function has been extensively studied in (genetically modified) mouse models. However, it is critical to know whether the same predilection sites for atherosclerosis, which are attributed to local shear stress patterns, occur in mice and humans. We found that in apoEϪ/Ϫ mice that were fed the same Western diet as used in the present study, but without cast treatment, atherosclerosis was present in the inner curvature of the aortic arch and at the beginning of the side branches ( Figure IA in the online-only Data Supplement). This pattern suggests that (relatively) low shear stress (present in the inner curvature) and oscillatory shear stress (expected at the beginning of the side branches) are involved in the development of atherosclerosis. Thus, the pathobiological consequences remain the same, even if the absolute values of shear stress are different in different species. To the best of our knowledge, mean shear stress values have not been accurately described in mice. At present, this is being studied in more detail in our laboratory (authors' unpublished observations).
Based on measurements in rabbits, 8 it is presumed that also in mice there are spatiotemporal oscillations in shear stress downstream from the cast. We cannot measure this directly in mice, however, because of limitations in resolution. Still, we believe that flow reversal does occur downstream from the cast in the mouse model, because in that area, we observed changes in cell shapes in mice transgenic for endothelial nitric oxide synthase (eNOS) fused to green fluorescent protein. 8 To obtain additional evidence for the occurrence of vortices, we performed a detailed analysis using computational fluid dynamics. We reasoned that to document the occurrence of vortices, we needed to focus on changes in direction of the velocity vectors and not on changes in amplitude. Therefore, we have displayed the normalized, spatially averaged velocity vectors on the vessel wall (Figures II and III in the online-only Data Supplement). A sudden change in direction was noted in the numerical calculations immediately downstream from the cast. Because this location coincides with the expected location of the vortex, we believe that this is another indication of a vortex in our model.
Damage to the endothelium due to cast placement also could have elicited a nonspecific atherogenic response and reduced shear stress responsiveness. However, plateletendothelial cell adhesion molecule-1 staining disclosed an intact endothelium in all shear stress regions examined after 9 weeks of cast placement ( Figure 3B ). Furthermore, in a previous study, we showed that the endothelium is continuous immediately after cast placement. 8 No atherosclerotic lesions were present in the increased shear stress regions 6 weeks after cast placement. These findings are in agreement with the generally accepted notion that plaques do not develop under relatively high shear stress conditions. 12-14 Upregulation of eNOS expression could be part of the antiatherogenic properties of increased shear stress. 15 Indeed, we previously found that eNOS is elevated in cast-induced increased shear stress vessel segments. 8 At later times, only small lesions were found in some of the treated apoEϪ/Ϫ mice (lesion size was not different from that in the control region). At later times, atherosclerotic lesions will extend from the lowered shear stress region (upstream from the cast) into the most upstream part of the vessel within the cast. Although shear stress in this vessel segment is already higher than that in the vessel segment immediately upstream from the cast, it is probably still below the average shear stress levels found in the contralateral carotid artery. The highest levels of shear stress are found in the most downstream part of the cast, which invariably remained free from lesions.
Placement of a nonconstrictive sham cast did not induce atherosclerosis in the upstream and downstream regions. Thus, the cast material or design per se did not cause a nonspecific inflammatory response in the vessel wall that might have led to atherosclerotic disease. It has been reported that placement of a perivascular, nonconstrictive cuff can induce intimal hyperplasia or atherosclerosis in the treated vessel area. 16 This is remarkable, because in our control experiments, placement of the nonconstrictive sham casts did not induce such a response. Development of atherosclerosis in those cuff models could have been elicited by either the material or the surgical procedure itself. More important, the cuffs were placed around the femoral arteries, which could have responded differently to placement of the device than the carotid arteries used in this study. The superficial location of the femoral artery and movement of the hindlimbs by the animal could have limited blood flow in cuffed vessels for periods of time, resulting in lowered shear stress and the induction of atherosclerosis.
Although the relation between shear stress and atherogenesis has been well documented, to the best of our knowledge, nothing is known about the effect of this hemodynamic force on plaque composition. Vulnerable atherosclerotic lesions are characterized by high percentages of "destabilizing" components (lipids and macrophages) and low percentages of "stabilizing" components (vascular smooth muscle cells and collagen). Morphologically, the destabilizing components accumulate in pools underneath a thin, fibrous cap, with little infiltration of vascular smooth muscle cells. 17, 18 Shear stress could determine the vulnerability of the lesion by altering the gene expression of endothelial cells (eg, upregulation of adhesion molecules, proinflammatory factors, and factors that mediate vascular wall permeability) and by increasing the interaction of proatherogenic components in the blood (lipoproteins and monocytes) with the activated endothelium. 19 -21 We found that lowered shear stress lesions contained more lipids, fewer vascular smooth muscle cells, and less collagen compared with lesions in the oscillatory shear stress region. In addition, these lesions had thin, fibrous caps containing few vascular smooth muscle cells. Conversely, in the lesions induced by vortices with oscillatory shear stress, a thick, fibrous cap heavily infiltrated with vascular smooth muscle cells covered the lesion, which contained similar relative amounts of macrophages but fewer lipids than did the lesions in the lowered shear stress regions. Furthermore, outward vascular remodeling, which is considered one of the characteristic features of vulnerable plaques, 22 was more prominent in the lowered shear stress region. These findings indicate that oscillatory shear stress induces the growth of more stabilized plaques, whereas lowered shear stress initiates the development of lesions with a vulnerable phenotype.
This finding was further substantiated by the occurrence of intraplaque hemorrhages (both before and after administration of angiotensin II) in the lesions located in the lowered shear stress region. Intraplaque hemorrhages are considered prominent markers of plaque instability. 11, 18, 23, 24 Without angiotensin II stimulation, the more extensive lesions that developed in the lowered shear stress regions showed small intraplaque hemorrhages close to the internal elastic lamina in 28% of the treated animals. Hemorrhages were never observed in the lesions in oscillatory shear stress regions.
Angiotensin II administration increases mechanical strain on the lesions by raising blood pressure. In addition, it has been shown that angiotensin II infusion into hyperlipidemic mice augments lesion formation independently of elevations in blood pressure by eliciting a Th1 response 25 or by increasing the angiogenic properties of the plaque. 26 Despite the multipotent ability of angiotensin II to affect plaque vulnerability, our data show that intraplaque hemorrhages occurred in the lowered shear stress lesions only in response to angiotensin II stimulation.
To further investigate the mechanism by which shear stress determines lesion vulnerability, we hypothesized that different shear stress patterns elicit divergent proatherogenic inflammatory responses in the vascular wall. VCAM-1 and intercellular adhesion molecule-1 expression is known to be shear stress responsive in cultured endothelial cells. [27] [28] [29] We confirmed those findings in vivo and found that lowered shear stress induced higher expression levels than did vortices with oscillatory shear stress, which might result in elevated leukocyte recruitment. Although there was no difference in the relative macrophage content, the larger, lowered shear stress lesions contained more macrophages than did lesions in the oscillatory shear stress regions. Consequently, differences in infiltration capacity of monocytes induced by lowered and oscillatory shear stress could have resulted in the observed differences in lesion size. We also found increased expression of the atherosclerosis markers IL-6 and C-reactive protein in lesions of the lowered shear stress area, indicating enhanced proatherogenic inflammatory activity. 30 ,31 IL-6 is an important factor for increased plaque vulnerability because it stimulates recruitment of macrophages and leukocytes and is a crucial regulator of extracellular matrix remodeling (increasing the activity of MMPs such as MMP-9). Actually, greater MMP activity was observed in lowered shear stress compared with the oscillatory shear stress regions. Macrophages have been shown to induce collagen breakdown in fibrous caps of human atherosclerotic plaques associated with cellular expression and zymographic evidence of MMP activity. 32 Increased collagen breakdown in the lowered shear stress lesions by MMP activity contributes to weakening of the fibrous cap, increasing its vulnerability to rupture.
An augmented inflammatory response also causes a decline in vascular smooth muscle cells, mainly due to inhibition of proliferation by interferon-␥ (released by leukocytes) and increased apoptosis. 18 As a result, lesions induced by lowered shear stress contain relatively fewer vascular smooth muscle cells than do lesions induced by oscillatory shear stress. Thus, lowered shear stress appears to induce larger plaques with a stronger inflammatory response, giving rise to lesions with characteristics of a vulnerable plaque.
In summary, the present study has identified shear stress patterns as essential factors in atherosclerotic lesion development, size, composition, and vulnerability. Future studies are needed to elucidate the pathways by which endothelial cells initially react to shear stress during atherogenesis and will be important for understanding the development of the vulnerable plaque. With the proatherogenic shear stress fields induced by the cast, we have generated an animal model in which both stable and unstable lesions can be studied in 1 straight vessel segment. Intraplaque hemorrhages have been previously observed in other atherosclerosis-prone mouse models (reviewed in Rekhter 33 ). In our model, however, intraplaque hemorrhages occurred more frequently in a controlled fashion, even without additional stimuli such as angiotensin II. This will create opportunities to further study the molecular pathways involved and to evaluate therapies aimed at plaque stabilization.
